Tissue culture is a standard method to study tissue interactions during embryogenesis. The serum that is usually used in culture can, however, confound results as it includes unidenti¢ed factors. In this study, we used a serum-free otocyst culture to investigate the tissue interactions that determine hair cell fate in mice otocysts. Otocysts cultured with surrounding tissues have the ability to produce mature hair cells in serum-free otocyst culture.
Introduction
The vertebrate inner ear transduces the mechanical vibrations that result from sound into electrical impulses. This function is performed by specialized mechanoreceptors, the hair cells. The development of these cells results from a series of signals emanating from surrounding tissues. Initially, extrinsic signals specify the precursor of the inner ear, the otocyst to form; in the mouse this occurs at E8.5 [1] . Patches of sensory progenitors are then specified and these will give rise to the hair cells and associated supporting cells. Despite the wealth of information about the intrinsic factors that specify these processes (reviewed by Barald and Kelley [2] ), information about the role of extrinsic factors in directing hair cells to form from the otocyst is limited. To elucidate the source of extrinsic signals acting on otic cells to promote hair cell development, we devised an ex vivo serum-free otocyst (SFO) culture. Tissues that affect hair cell development were identified using this culture method. We find that the periotic mesenchyme and the hindbrain have profound effects on the development of the hair cells.
Methods
Serum-free otocyst culture Pregnant ICR mice (Japan SLC, Shizuoka, Japan) were dissected and each embryo was staged individually according to the Edinburgh Mouse Atlas (http://genex. hgu.mrc.ac.uk/). Embryos ranging from E8.5 to E10.5 were used for this experiment. All animal procedures complied with institutional and governmental guidelines and were approved by the Animal Care Committee of the RIKEN Kobe Institute, which are in concordance with the NIH Guide for the care and use of laboratory animals.
Otocysts were dissected with or without surrounding tissue using sharpened tungsten wires (0.3-mm diameter, no coating, MT Giken, Tokyo, Japan). Surrounding tissue included the adjacent hindbrain (rhombomeres 4 and 5) and periotic mesenchyme, although endoderm was excluded (OeNM, Fig. 1b ). For cultures containing only otic epithelia (Oe, Fig. 1a ), periotic mesenchyme was removed manually. Dissected tissues were placed in a collagen drop as described previously [1] , then flooded with 200 ml of Dulbecco's modified Eagle's medium (DMEM, with 4500 mg glucose/L and 584 mg L-glutamine/L; Sigma, St. Louis, Missouri, USA) supplemented with 10% Knock-Out Serum Replacement (KSR; Invitrogen, Carlsbad, California, USA) and penicillin G (100 U/ml; Meiji Seika Kaisha, Tokyo, Japan). To ensure the best survival of SFO cultures, only half of the media was changed daily. After the required length of incubation, cultures were fixed with 4% paraformaldehyde in phosphate-buffered saline for 60 min at room temperature.
Immunohistochemistry
Samples were assayed using standard immunofluorescence methods in the whole mount collagen gel drop. The following primary antibodies were used: rabbit anti-myosin VIIa (provided by Tama Hasson, University of California, San Diego, California, or Proteus Bioscience, Ramona, California, USA, 25-6790; diluted 1 : 1000), rabbit antimyosin VI (Tama Hasson; diluted 1 : 400), rat anti-E cadherin (ECCD-2, Takara Bio, Shiga, Japan, M108; diluted 1 : 500), goat anti-parvalbumin (Swant, Bellinzona, Switzerland, PVG-214; diluted 1 : 5000), and mouse anti-Ki67 (Becton-Dickinson, Franklin Lakes, New Jersey, USA, 556003; diluted 1 : 200). Primary antibodies were detected by secondary antibodies conjugated to AlexaFluor 488, 546 or 647 (Invitrogen). For the detection of F-actin, AlexaFluor 488 conjugated phalloidin was used. Blocking solution consisted of 5% normal goat serum or 5% donkey serum in 0.05% Tween-20 in phosphate-buffered saline. Samples were counter-stained with 4 0 ,6-diamidino-2-phenylindole dihydrochloride (DAPI; Invitrogen). After the staining procedure, the collagen gel was removed by forceps and microscissors, mounted between two cover slips with SlowFade antifade reagent (Invitrogen) then imaged by using a Leica TCS SP2 AOBS confocal laser scanning microscope (Leica Microsystems, Exton, Pennsylvania, USA). For semiquantification of the number of myosin VIIa positive cells in sensory patches of each explant, three
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Otocyst Otocyst confocal images that included myosin VIIa positive clusters and each separated more than 20 mm were taken with a Â 40 objective lens. Samples were categorized into three groups by the average number of myosin VIIa positive cells in those optical planes; 0 cells (no myosin VIIa positive cells), one to five cells (one to five myosin VIIa positive cells in one confocal image), and more than six cells (more than six myosin VIIa positive cells in one confocal image).
Results
Hair cell development in serum-free otocyst culture Otocysts of E10.5 mouse embryos were explanted (Oe, Fig. 1a ) and kept in SFO culture. After 7-10 days of culture, they possessed cells of a typical hair cell morphology (Fig. 1d ), which is a flask-shaped cell with a basally deviated nucleus, narrowed at the apical end with cuticular plate-like actin accumulation on the apical side. These cells showed strong immunoreactivity for the hair cell markers, myosin VIIa ( Fig. 1c-f ), myosin VI and parvalbumin. When embryonic inner ears are cultured, vestibular hair cells usually appear as a simple cluster, and cochlear hair cell arrangement is disturbed; one to three rows of inner hair cells and many rows of outer hair cells are separated by a line of pillar cells. In SFO cultures, hair cells appeared in clusters resembling vestibular ( Fig. 1e ) or cochlear ( Fig. 1f ) hair cell patterns.
To determine the temporal profile of hair cell appearance, E10.0 otocysts without surrounding tissue (Oe) were cultured for 3-7 days in vitro (DIV). After 3 DIV only one of the 11 explants showed immunoreactivity against myosin VIIa; however, after 4 DIV, progressively more explants, with larger clusters of myosin VIIa positive cells, were observed until 6 DIV, where myosin VIIa was observed in a higher number of explants. Further longer culture periods did not increase the number and size of the clusters of myosin VIIa positive hair cells (Fig. 2) .
E9.5 otocysts can produce hair cells without any additional factor
Otocysts were explanted from E9, E9.5, E10, and E10.5 mouse embryos with or without surrounding tissue and cultured as above (Oe and OeNM, respectively). The duration of the cultures was adjusted such that upon fixation the explants would be equivalent to E19.5 or older, a time when all the cells fated to become hair cells show clear positivity for myosin VIIa. OeNM cultures taken from mice embryos of any stage formed hair cells possessing myosin VIIa staining and apical F-actin (in over 50% of cases). In contrast, hair cells only formed in Oe explants taken from E9.5 and older embryos; virtually no E9 Oe explants generate hair cells (Table 1 ). Further increase (more than 80%) in the positivity for myosin VIIa in E10.0 Oe, E10.5 Oe, and E10.5 OeNM explants was observed.
Discussion
Tissue culture has been used for studies identifying the tissue source of particular signals that can influence the development of the inner ear and as an assay for developmental factors [1] . By explanting the inner ear with different proportions of surrounding tissue, it is possible to make predictions about the influence that tissue has on inner ear development. As Van de Water and Ruben [3] first successfully cultured mammalian inner ear, serum containing media have been used. The use of serum, which does include undefined factors, may, however, lead to a false picture of inner ear development. In this study, we used KSR instead of serum, which is used as a standard supplement for serum-free embryonic stem cell culture. KSR does not contain FGFs, EGFs, TGFb, TGFa, BMPs, retinoic acid, IGFs, estrogen, and Wnts (information from Invitrogen Technical Support). Thus, this culture system is suitable for a more defined culture environment.
In our SFO culture, mouse otocysts gave rise to hair cells that have a typical morphology and express multiple specific markers. The timing of hair cell appearance was also preserved; E10.0 otocysts showed no hair cells after 3 DIV, although these progressively increased and finally plateaued at 6 DIV. This correlates with published data and our unpublished observations showing myosin VIIa immunoreactivity in the otocyst at E13.5-14 (corresponding to 3.5-4 DIV of E10.0 SFO culture) [4, 5] . As development progresses the number of myosin VIIa positive cells also increases. By E17.5 (equivalent to 7 DIV) the number of myosin VIIa positive hair cells remains constant. Thus, the dynamics of hair cell development are recapitulated in SFO cultures.
The autonomy of the otocysts that enables them to generate hair cells suggests the culmination of the extrinsic [6] . In that study dissociated cochlear cells were used and it is possible that the disruption of the otic epithelium (the experimental paradigm necessarily used in that study) causes a stress on the otic tissue that can only be rescued by EGF or mesenchymally derived EGF. As reviewed by Romand et al. [7] , commitment of cells in the otocyst to a specific cell fate occurs very early during embryogenesis and is controlled both by intrinsic and extrinsic factors like retinoic acid. Corresponding to this, our data indicate the existence of signals acting on the mouse otocysts between E9.0 and E9.5, which induce hair cells. Alternatively, it is possible that before E9.5 hair cell progenitors require a signal for their maintenance. These experiments cannot distinguish the two possibilities. Combining SFO culture with an analysis of the earliest markers of hair cell progenitors, however, while excluding the possibility of cell death using apoptosis markers, can more completely elucidate the function of the surrounding tissue.
We note that there is an apparent increase in the ability of SFO cultures to give rise to hair cells; E10 Oe will give rise to significantly more hair cells than E10 OeNM. This suggests the existence of another factor emanating from hindbrain or periotic mesenchyme at E10 that may delay or prevent precursor cells from adopting a hair cell fate. Further experiments are also underway to confirm this.
Conclusion
We developed a SFO culture using KSR to eliminate effects of unidentified factors in serum. Mice otocysts developed, largely recapitulating developmental dynamics in vivo in this culture system. Using SFO culture, we showed that E9.5 otocysts could give rise to hair cells without any additional factor, and this autonomy is provided by periotic mesenchyme or adjacent hindbrain (rhombomeres 4 and 5) between E9.0 and E9.5.
